Amphotericin B (AMB) has been a mainstay therapy for fungal infections of the central nervous system, but its use has been limited by its poor penetration into the brain, the mechanism of which remains unclear. In this study, we aimed to investigate the role of P-glycoprotein (P-gp) in AMB crossing the blood-brain barrier (BBB). The uptake of AMB by primary brain capillary endothelial cells in vitro was significantly enhanced after inhibition of P-gp by verapamil. The impact of two model P-gp inhibitors, verapamil and itraconazole, on brain/plasma ratios of AMB was examined in both uninfected CD-1 mice and those intracerebrally infected with Cryptococcus neoformans. In uninfected mice, the brain/plasma ratios of AMB were increased 15 min (3.5 versus 2.0; P < 0.05) and 30 min (5.2 versus 2.8; P < 0.05) after administration of verapamil or 45 min (6.0 versus 3.9; P < 0.05) and 60 min (5.4 versus 3.8; P < 0.05) after itraconazole administration. The increases in brain/plasma ratios were also observed in infected mice treated with AMB and P-gp inhibitors. The brain tissue fungal CFU in infected mice were significantly lower in AMB-plus-itraconazole or verapamil groups than in the untreated group (P < 0.005), but none of the treatments protected the mice from succumbing to the infection. In conclusion, we demonstrated that P-gp inhibitors can enhance the uptake of AMB through the BBB, suggesting that AMB is a P-gp substrate.
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ungal infection of the central nervous system (CNS) is one of the most deadly forms of invasive fungal diseases. The most common pathogens that involve the CNS included Cryptococcus neoformans, Candida spp., and Aspergillus spp., while numerous other fungi had been reported as less common causes. New-generation triazoles with both broad antifungal spectrum and good CNS penetration, such as voriconazole and posaconazole, have expanded the choice for treatment of CNS fungal infections (1) . Nonetheless, amphotericin B (AMB) remains the drug of choice for many forms of CNS fungal infection. In fact, AMB is strongly recommended for treatment of CNS cryptococcosis, histoplasmosis, blastomycosis, and mucormycosis (2) . AMB plus flucytosine has demonstrated favorable efficacy in AIDS-associated cryptococcal meningitis and has been recommended as the first-line induction therapy (3) . Ironically, AMB is well known for its poor ability to penetrate the blood-brain barrier (BBB), as the concentrations in the cerebrospinal fluid and brain tissue are almost undetectable (4) . This has posed a dilemma to physicians dealing with CNS fungal infections using AMB, because increasing the dose of AMB in an effort to raise the CNS concentration would aggravate the severity of its multisystemic peripheral toxicities, especially nephrotoxicity.
The manipulation of AMB penetration at the BBB is one strategy to improve outcome in CNS fungal infections, since the ability of antifungal drugs to achieve adequate concentrations in the CNS is one of the key factors influencing efficacy. However, despite advances in the understanding of action mechanisms, a great gap still exists in knowledge on the pharmacokinetics of AMB (5) (6) (7) .
The BBB consists of a physical barrier, the metabolic barrier, and the transport barrier, including ATP-binding cassette (ABC) efflux transporters (8) . P-glycoprotein (P-gp), a member of the ABC transporter protein family, is abundantly distributed on the BBB and serves as a key transporter which actively effluxes a huge variety of substances across the BBB (9, 10). P-gp at the BBB have become an area of great interest for the purpose of developing new drugs targeting the CNS, as well as improving BBB penetration of older ones through interaction with P-gp (11) . Drug-drug interactions at the BBB that are mediated by P-gp for various combinations have been demonstrated by both in vitro and animal studies (12) . The inhibition of P-gp has been demonstrated to increase the CNS concentrations of numerous agents, highlighting the therapeutic potential for P-gp inhibitors as synergists to improve BBB penetration of substance drugs (11) . It is currently unclear whether P-gp is also involved in the BBB transportation of AMB, except that two earlier studies suggested relationships between the rat intestinal P-gp transporter and AMB (13, 14) . This study aims to further investigate the effect of P-gp inhibitors in the brain uptake of AMB in vitro and in vivo and to explore the potential therapeutic effect of AMB with P-gp inhibition in a cryptococcal meningitis murine model.
MATERIALS AND METHODS
Materials. AMB for injection (50 mg) was purchased from Asia Pioneer Pharmaceuticals, Shanghai, China. Verapamil for intravenous use (2.5 mg/ml) was purchased from Fenghe Pharmaceuticals, Shanghai, China. Itraconazole injection (100 mg/ml) was provided by Janssen-Cilag (Xi'an, China). Chemical agents were purchased from Sinopharm (Shanghai, China) as analytical-grade preparations. High-performance liquid chromatography (HPLC)-grade acetonitrile was purchased as from Dikma (Lake Forest, CA, USA). Dulbecco's modified Eagle's medium (DMEM) and 100 U/ml penicillin-100 g/ml streptomycin were purchased from Gibco Laboratories (Grand Island, NY, USA). Fetal bovine serum (FBS) was from Sijiqing (Hangzhou, China). Gelatin and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) were purchased from Sigma-Aldrich (USA).
Cells. Primary brain capillary endothelial cells (BCECs) isolated from cerebral gray matter of CBA/J mouse brain were kindly provided by J. N. Lou from the Clinical Medicine Research Institute of the Chinese-Japanese Friendship Hospital and cultured as described previously (15) (16) (17) .
Animals. Male CD-1 mice (the Sino-British SIPPR/BK Laboratory), 6 to 8 weeks of age, were housed in an animal biosafety level 2 laboratory (Institute Pasteur of Shanghai Chinese Academy of Sciences), with five mice per cage, and were provided irradiated food and acidified water. Manipulations of animals were performed in accordance with guidelines from the Pasteur Animal Ethics Committee.
Uptake of amphotericin B by BCECs. An MTT test was used to measure the effects of AMB and verapamil on BCEC viability. BCECs then were incubated with 2 g/ml AMB in the presence or absence of 100 mol/liter verapamil at 37°C for 10 to 150 min. Cells were washed three times with cold Hanks balanced salt solution and further incubated with Triton X-100 (1%, vol/vol) overnight at 4°C for cellular lysis. The cell lysates were centrifuged at 12,000 ϫ g for 2 min at 4°C. The clear supernatant was collected for quantification of AMB and cell protein. BCECs also were coincubated with 2 g/ml AMB and serial concentrations of verapamil (2 to 100 mol/liter) for 90 min to test the dose effect of verapamil on the BCEC uptake of AMB. All experiments were performed in quadruplicates.
Murine model with cryptococcal infection. A clinical strain of Cryptococcus neoformans, isolated from a patient with cryptococcal meningitis and stored at the clinical mycology laboratory at Huashan Hospital, was used for all experiments. This strain was susceptible to both AMB and itraconazole in vitro, as determined with the broth microdilution method according to Clinical and Laboratory Standards Institute (CLSI) standard M27-A3 (18) . Before use, the number of CFU in the stock was measured by cultures of serial dilutions on Sabouraud's dextrose agar (SDA) plates at 35°C for a minimum of 3 days. On the day of the experiment, the inoculum was adjusted to the desired concentrations with sterile saline, and the CFU were confirmed at the end of the experiment.
A murine model of intracerebral cryptococcal infection was established as described previously (19) (20) (21) . In brief, mice were given cyclophosphamide intraperitoneally at a dose of 200 mg/kg of body weight beginning 3 days prior to inoculation and then every 6 days thereafter. Pancytopenia was documented by peripheral white blood cell counts beginning on the day of inoculation and throughout the experimental period (22) . On the day of inoculation (day 0), mice were anesthetized by diethyl ether inhalation. A total of 10 5 yeast cells in a volume of 20 l then were inoculated intracerebrally.
Treatment regimens in uninfected mice. Uninfected mice were given intravenous AMB at 3 mg/kg/day for 4 days. At day 5 (24 h after the last dose of AMB), the animals were randomized to 3 groups (n ϭ 15 for each group) that received a single dose of intravenous normal saline, verapamil at 10 mg/ kg, or itraconazole at 10 mg/kg. Mice were anesthetized at 5 min, 15 min, 30 min, 45 min, and 60 min after administration. After 500-l blood samples were collected by retro-orbital puncture, mice were perfused heart to brain with 20 ml normal saline. Brain tissues then were removed and stored at Ϫ80°C for further detection of AMB concentration by HPLC.
Treatment regimens in Cryptococcus-infected mice. One day after inoculation, the Cryptococcus-infected mice were treated with intravenous AMB at 3 mg/kg/day consecutively for 4 days. At day 5 (24 h after the last dose of AMB), the animals were given a single dose of normal saline, verapamil at 10 mg/kg, or itraconazole at 10 mg/kg. Ten mice from each group were observed for survival conditions twice daily for a total period of 35 days postinfection, and weight change was recorded every day. Another 10 mice from each group were subjected to further measurement of brain fungal burden and AMB concentration. Blood samples and brain tissues were collected aseptically 45 min after administration of inhibitors at day 5. Brains were placed in sterile preweighed Eppendorf tubes for further measurement of CFU and AMB concentrations.
Fungal burden measurement. After brain weights were determined, 1 ml saline for 1 g of brain tissue was added and homogenized. Serial dilutions of the whole-brain homogenate were prepared for quantitative CFU counts. The dilutions were plated as triplicates on yeast extract peptone dextrose (YEPD; 1% yeast extract, 2% dextrose, and 2% peptone) agar plates. The plates were incubated at 30°C for 48 h, and the numbers of CFU were recorded as the mean numbers of the triplicates.
Brain and plasma sample processing for HPLC. After the weight of brain tissue was determined, saline was added at 1 ml per gram of brain tissue and then homogenized by ultrasonication. Methanol was added to the homogenate at 400 l per gram of tissue and vortexed for 2 min. The mixture was centrifuged at 16,000 ϫ g for 10 min at 4°C. The supernatant was collected and stored at Ϫ20°C. The plasma sample was added to methanol at 400 l per 100 l of plasma and then vortexed for 2 min. The mixture was centrifuged at 9,000 ϫ g for 10 min at 4°C. The supernatant was collected and stored at Ϫ20°C. Cell lysate of BCECs was centrifuged at 12,000 ϫ g for 2 min at 4°C, and then the supernatant was collected.
HPLC method for determination of AMB concentration. HPLC analysis was performed with a modular liquid chromatograph system (Agilent Technologies, Wilmington, DE). Twenty microliters of supernatant was loaded onto an Agilent TC-C 18 column (4.6 by 250 mm; 5-m volume). The mobile phase consisted of acetonitrile and 10 mM sodium acetate buffer, pH 4.0 (40:60, vol/vol), and the flow rate was kept at 1 ml/min. The effluent was monitored at 408 nm.
The absorbance peak appeared at 5 min after loading. The lower limit of detection for the assay was 10 ng/ml. Statistical analysis. A statistical analysis of CFU results was done by a Mann-Whitney U test. The comparative survival rates were analyzed by a log-rank test. Statistical comparisons of AMB levels in brain tissues were done by analysis of variance (ANOVA) by Stata 9.0 (StataCorp).
RESULTS
Verapamil increased amphotericin B uptake by brain capillary endothelial cells. The effects of AMB and verapamil on BCEC viability were evaluated by MTT tests, which showed that BCECs retained a viability rate of Ͼ80% over a 3-h period when incubated with a wide concentration range of verapamil (0.2 to 400 mol/liter). BCECs coincubated with AMB at a concentration of Յ10 g/ml had a viability rate of Ͼ80%. When AMB concentrations exceeded 10 g/ml, the viability rates decreased to less than 80% in a dose-dependent manner (data not shown). Therefore, an AMB concentration of 2 g/ml was used for further in vitro experiments. After incubation with AMB, the BCEC uptake of AMB was increased as time passed (Fig. 1A) . Compared to that of the AMB-only group, the verapamil-coincubated group had a significant higher cellular uptake of AMB at 90, 120, and 150 min. The BCEC uptake of AMB also was influenced by the concentration of coincubated verapamil. The AMB uptake level increased gradually as the concentration of verapamil increased from 20 to 100 mol/liter. However, at lower concentrations of verapamil (0 to 20 mol/liter), the dose-dependent manner was not evident (Fig. 1B) .
P-gp inhibitors increased the brain/plasma ratio of AMB in uninfected mice. To investigate the effect of P-gp inhibitors on the brain/plasma ratio of AMB in vivo, we measured the brain and plasma AMB concentrations in uninfected CD-1 mice treated with 3 mg/kg/day AMB consecutively for 4 days, with or without additional administration of a single dose of verapamil or itraconazole at day 5. For the verapamil-cotreated group, there was a tendency toward higher brain AMB concentrations than those with the AMB-only group, and the differences was statistically significant at 45 min. For the itraconazole-cotreated group, the brain AMB concentration was similar to that of the AMB-only group ( Fig. 2A) . As for the AMB plasma concentrations, the verapamil-cotreated group had lower plasma levels at 5 min, 15 min, and 30 min and similar plasma levels at 45 min and 50 min compared to those of the AMB group (Fig. 2B) , while the itraconazolecotreated group had lower plasma levels at all time points from 5 min to 50 min. When brain AMB levels were explained by the plasma concentration (Fig. 2C) , the brain/plasma ratios were significantly higher in the verapamil-cotreated group at 15 min (3.5 versus 2.0; P Ͻ 0.05) and 30 min (5.2 versus 2.8; P Ͻ 0.05) than in the AMB-only group. Higher brain/plasma ratios also were observed in the itraconazole-cotreated group than in the AMB-only group at 45 min (6.0 versus 3.9; P Ͻ 0.05) and 60 min (5.4 versus 3.8; P Ͻ 0.05).
Verapamil and itraconazole increased AMB brain/plasma ratios and reduced brain fungal loads in Cryptococcus-infected murine model. To explore the effect of P-gp inhibitors on AMB brain uptake in the setting of CNS infection, we used a murine model of Cryptococcus intracerebral infection treated with AMB monotherapy, AMB plus verapamil, or AMB plus itraconazole and examined the changes in brain and plasma AMB concentra- Data are means Ϯ standard deviations (SD). An asterisk indicates significant differences between the AMB plus Ver and AMB-only groups; an ampersand indicates significant differences between the AMB plus ITC and AMB-only groups. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001; &, P Ͻ 0.05; &&, P Ͻ 0.01. Significance was determined by two-way ANOVA. tions, weight, length of survival in days, and brain tissue fungal burden.
Among the three treated groups, the brain AMB concentrations were highest in the verapamil-cotreated group, followed by the itraconazole-cotreated group, and were lowest in the AMB monotherapy group (Fig. 3A) . The difference in brain uptake level was statistically significant between the verapamil-cotreated group and the AMB monotherapy group (P Ͻ 0.05). Consistent with those observed in uninfected mice, the plasma concentrations of AMB were lowered after administration of either verapamil or itraconazole (Fig. 3B) . The brain/plasma ratio was significantly higher in the verapamil-cotreated group (2.6 Ϯ 0.6) and itraconazole-cotreated group (2.3 Ϯ 0.7) than in the AMB monotherapy group (1.1 Ϯ 0.5) (Fig. 3C) .
The fungal burden of the cryptococcal meningitis murine model was presented as CFU recovered from brain tissues (Fig.  3D) . Among the two groups cotreated with verapamil or itraconazole, the levels of Cryptococcus CFU in the brain tissue were significantly lower than those in the untreated group. There was no significant difference in brain CFU between the verapamil-cotreated and the itraconazole-cotreated groups.
In the survival study (Fig. 4A) , fatal outcomes for 100% of the untreated mice were observed between 6 and 14 days postinfection (median survival time, 8 days), consistent with our previous study (19) . For the treated group, the median survival time was 17 days for the AMB monotherapy group, 19 days for the verapamilcotreated group, and 22 days for the itraconazole-cotreated group. Treated groups exhibited significantly better survival than the untreated group (P Ͻ 0.01 for the AMB-treated group versus the untreated group by log-rank tests). The median survival time of the verapamil-cotreated group and itraconazole-cotreated group was 2 and 5 days longer than that of the AMB group, and the differences were not statistically significant. At day 35 postinfection, the termination of observation, all animals were deceased except for two animals from the itraconazole-cotreated group, indicating that none of the treatments produced adequate longterm protection against this infection. The weight changes in these groups showed a pattern consistent with the survival curve (Fig. 4B) .
DISCUSSION
AMB has been tested in previous studies for its ability to reverse P-gp-mediated drug resistance in P-gp-overexpressing cells. One study evaluated the effect of AMB on vinblastine and paclitaxel resistance, where no reversal of resistance was observed (23) . Another study tested the effect of several antifungals on P-gp transport activity using [ 3 H]digoxin and found that the P-gp mediated transport of [ 3 H]digoxin was not inhibited by AMB (24) . Nevertheless, the lack of inhibitory effect on P-gp does not exclude AMB as a P-gp substrate, as the P-gp substrate is not necessarily correlated with P-gp inhibitors. In the present study, we hypothesized that the low concentration of AMB in the brain was a result of P-gp-mediated active transportation at the BBB. Verapamil and itraconazole were used as P-gp inhibitors in this study to test their drug-drug interaction with AMB. Our data showed that the uptake of AMB by BCECs was increased with the presence of verapamil, providing the first evidence that AMB is transported through the BBB by P-gp (Fig. 1) . To test our hypothesis in vivo, we further examined the effect of P-gp inhibitors on the brain/plasma ratio of AMB in CD-1 mice. As shown in our data, the AMB brain/plasma ratio was significantly increased after administration of verapamil and itraconazole, indicating that P-gp-mediated efflux plays an important role in the transportation of AMB at the BBB (Fig. 2) . Consistent with our results, interaction between AMB and P-gp has been suggested by other pieces of evidence from studies on animal intestines (13, 14, 25) . In a study by Ishizaki and colleagues, the oral bioavailability of cyclosporine was decreased after coadministration of AMB in Wistar rats, presumably due to the increased P-gp expression induced by AMB at the duodenum (14) . Second, another research group demonstrated enhanced gastrointestinal absorption of AMB through formulating it in the oral lipid-based delivery system Peceol, which was able to decrease P-gp-mediated drug efflux by downregulating mdr1 mRNA in Caco-2 cells, also suggesting an interaction between this agent and P-gp (13, 26) .
It was also observed in our results that the plasma concentrations of AMB were substantially decreased after administration of verapamil or itraconazole, which was unexpected, since elevated blood concentrations have been reported for other P-gp substrate agents in the presence of P-gp inhibitors due to the suppressed P-gp mediated efflux at the intestine and the kidney (11) . Possible explanations for the decreased AMB plasma concentrations include that verapamil and itraconazole lead to redistribution of AMB in other organs through inhibition of the P-gp transporter elsewhere. Further investigations will be required to explain this phenomenon of decrease in plasma concentration of AMB.
Since AMB is used in the setting of fungal infections, it is important to know whether the improvement in BBB penetration observed in uninfected mice could be duplicated in those with CNS fungal infection. Therefore, we used a murine model of cryptococcal meningitis to examine the effect of verapamil and itraconazole on brain accumulation of AMB. Consistent with results observed in uninfected mice, the brain uptake of AMB in infected mice was increased after administration of either verapamil or itraconazole (Fig. 3) . Although the fungal burden was decreased by the AMB and P-gp treatments compared to the burden in untreated mice, the burden was still high; thus, the animals still died. To actually effect a cure, higher doses, a longer treatment course of AMB, or multiple P-gp inhibitor administrations at higher doses would be required to maintain higher levels in the brain long enough to really be effective in the long run.
Verapamil, as the first discovered P-gp inhibitor, has been examined for clinical efficacy as a synergist of chemotherapy in several clinical trials but fails to demonstrate efficacy (11) . Itraconazole not only is a P-gp inhibitor but also is an antifungal agent with activity against Cryptococcus spp. A previous study has found that the combination of itraconazole and AMB showed synergistic or additive in vitro interaction for 80% of clinical isolates of Cryptococcus neoformans, and no antagonism was observed (27) . Itraconazole had been proved to be efficacious in the treatment of cryptococcal meningitis, although data concerning the combination of AMB and itraconazole as an induction therapy for cryptococcal meningitis is sparse (3, 28, 29) . Our results suggest that AMB and itraconazole combination is likely to a strategy in the initial treatment of cryptococcal meningitis with improved efficacy over AMB monotherapy through dual mechanisms of additional antifungal activity and enhanced AMB accumulation due to inhibition of P-gp at the BBB by itraconazole. Further study is warranted to examine the efficacy and safety of this combination in cryptococcal meningitis patients against AMB monotherapy.
In summary, the present study has demonstrated for the first time that AMB is likely to be a substrate of P-gp, and that P-gp inhibitors can enhance the uptake of AMB through the BBB, leading to reduced fungal burden in the brain. The combination of AMB and P-gp inhibitors might provide a novel strategy in improving the efficacy of AMB in treatment of CNS fungal infections.
